Lipopolysaccharides (LPS) from
INTRODUCTION
Species of the genus Legionella are widespread waterborne Gram-negative bacilli which occasionally cause pneumonia in humans, e.g. legionnaires' disease (Edelstein, 1987) . Presently, at least 39 species have been allocated to the genus Legionella mainly on the basis of DNA homology (Dennis e t al., 1993) , and these species Abbreviations: ASA, amino sugar analyser; CI, chemical ionization; GlcN3N, 2,3-diamino-2,3-dideoxy-~-glucose; El, electron impact; HPAEC, high pH anion-exchange chromatography; Kdo, 2-keto-3-deoxy-octonic acid; KO, 2-keto-octonic acid; PED, pulsed electrochemical detection; PCP, phenol/chloroform/petroleum ether solvent; PS, polysaccharide; TFA, trifluoroacetyl-; TMS, trimethylsilyl-.
could be sorted into at least 16 distinct DNA homology groups (Brenner, 1987) . Based on certain phenotypic differences and 16s rRNA sequence data, a splitting of the genus to give an additional genus, Tatlockia, has been proposed (Fox & Brown, 1993) . However, 16s rRNA sequence data have also been interpreted such that the Legionella species form a distinct and relatively homogeneous taxonomic group (Fry e t al., 1991) . This concept of a single taxonomic entity was further strengthened by a study of the hydroxy fatty acid profiles of 29 Legionella species (Jantzen e t al., 1993) .
Compositional data of lipopolysaccharides (LPS) have been shown to be useful for revealing relationships among Gram-negative bacteria as well as providing clues for diagnostic work (Mayer e t a/., 1990; Jantzen & Bryn, 1985 ; Wilkinson, 1988 A . SONESSON a n d OTHERS LPS has been thoroughly analysed (Sonesson e t al., 1989b; Moll et al., 1992) . The lipid A part of this LPS contains 19 3-hydroxy fatty acids, eight non-hydroxy fatty acids, two 2,3-dihydroxy fatty acids, two (w-1)-0x0 fatty acids, two (1 ,o)-dioic fatty acids and one (a-1)-hydroxy fatty acid. Such complex lipid A composition has not been described for any other Gram-negative species. As a part of a chemotaxonomic study of Legionella we report here the chemical composition of LPS from three additional species, L. israelensis, L. maceachernii and L. micdadei with 2,3-dihydroxy fatty acids as LPS constituents.
Bacterial strains and growth conditions. L. micdadei (ATCC 33218) was grown (2 d, 37 "C) in buffered yeast extract broth (Oxoid, 60 1) (Ristroph et al., 1980) . After being heated (65 OC for 60 min), the cell material was recovered by centrifugation (Sorvall RC-5B7 lOOOOg, 20 OC, 30 min), washed once with sterile pyrogen-free water and freeze-dried. L. israelensis (ATCC 431 19) and L. maceachernii (ATCC 35300) were cultivated on 200 BCYE agar plates and cells were grown and harvested as described (Sonesson et al., 1989b) . Isolation and purification of LPS. LPS was isolated largely by using the hot phenol-water method (Westphal e t al., 1952) as modified by Johnson & Perry (1976) . Dried bacterial cells were suspended in 10 mM Tris/HCl (pH 8.0) containing 50 mM EDTA [17.5 ml (g dry cells)-']. The suspension was sonicated (five 30 s bursts at maximum probe energy; Branson sonifier B 12) and heated to 68 O C (with magnetic stirring). An equal volume of phenol (preheated to 68 "C) was then added and the solution stirred at 68 O C for 20 min. After being cooled in ice and centrifugation at 15OOg (0 OC, 20 min), the aqueous phase was removed and the phenol phase extracted two more times with an equal volume of the buffer. To the combined aqueous phases sodium deoxycholate was added to a concentration of 0.5 % (w/v), the solution was stirred (30 min) and centrifuged (12000g, 4 OC, 60 min). Crude LPS was recovered by precipitation from the supernatant by adding 2 vols ice-cold 95 % ethanol with 0.375 M MgCl,, followed by centrifugation (1 2 000 g , 0 OC, 30 min). The pellet was dissolved in the minimal volume of water by sonication (as above), dialysed against water for 3 d at 4 "C and lyophilized. Further purification of LPS was achieved by the PCP (phenol/chloroform/hexane, 2 : 5 : 8, by vol.) extraction method (Galanos et ai., 1979) . Removal of phospholipid contaminants was accomplished by repeated washings with diethyl ether and chloroform/methanol (2 : 1 , v/v).
Reference LPS preparations in gel electrophoresis were Salmonella minnesota Ra, S. heisinkii SR and S. abortus equi S-type. The mutant R-type preparations were supplied by Ilkka Helander, National Public Health Institute, Helsinki, Finland, and the S-type LPS was a gift from Otto Luderitz, Max-PlanckInstitut fur Immunbiologie, Freiburg, Germany. The L. pneumophila serogroup 1 LPS and the LPS of Neisseria meningitidis (R-type) strain 44/76 were from our own collection. Cleavage of LPS into polysaccharide (PS) and lipid A. LPS (5 mg ml-l) was hydrolysed in 1 % (v/v) acetic acid at 100 O C for 2 h (Wilkinson et al., 1973) . The lipid A part was isolated after centrifugation (lOOOg, 20 OC, 30 min) and repeated washings with hot water and acetone. Cross-contamination with original uncleaved LPS was removed by partitioning the lipidic pellet into chloroform/methanol/water (4 : 2 : 1 , by vol.) and lipid A was recovered from the organic phase.
The supernatant of the acetic acid hydrolysate plus the subsequent aqueous washing contained the polysaccharide (PS) part. These fractions were pooled and lyophilized. The PS was purified from undegraded LPS by solid-phase extraction using disposable C,,-columns (Bond-Elut, Varian). The lyophilized PS was dissolved in water, passed through the C18-column and recovered by freeze-drying the water eluate.
Thin-layer chromatography (TLC).
Amino sugar hydrolysates were analysed on silica gel 60 F,,, (Merck) TLC plates using the solvent system ; isopropanol/water/chloroform/l8 M ammonia/triethylamine (60 : 30 : 8 : 0.5, by vol.). Components were detected by spraying the plates with either ninhydrin or sulphuric acid solution (10 YO in ethanol) and heating.
Anion-exchange chromatography. Using high pH anionexchange chromatography (HPAEC) with pulsed electrochemical detection (PED) neutral sugars, amino sugars, acidic sugars and their phosphorylated derivatives were analysed. HPAEC analysis was performed using a Dionex series 4500 HPLC system equipped with a pellicular anion-exchange column (4 x 250 mm, CarboPac PA1 plus a guard column PA1, Dionex), a Perkin Elmer Nelson 1020 integrator and a Kodak Diconix 150 Plus printer. The analytical conditions were as reported previously .
Ethanolamine, amino sugars and their phosphorylated derivatives were measured on an amino acid analyser (ASA, Alpha-plus 4151 ; LKB).
High-voltage paper electrophoresis (HVPE).
Amino sugars were separated by HVPE (2.8 kV, 40 min) at pH 5.3 (pyridine/acetic acid buffer) (Kickhofen & Warth, 1968) . The electropherogram was stained with ninhydrin reagent.
Gas chromatography (GC)
. Two instruments were used. A Perkin Elmer Autosystem GC was equipped with a fused-silica column (30 m x 0-2 mm) cross-linked with DB-1 (J&W) and with a flame-ionization detector. Injections were made in the splitless mode with the split valve being activated 40 s after injection. The temperature of the column was controlled using two programs. For analyses of alditol acetates the temperature was increased from 100 "C to 280 O C at 5 "C min-', and for analyses of trifluoroacetylated (TFA) methyl glycosides the temperature was increased (2 min after injection) from 80 O C to 280 "C at 8 OC min-'. The temperature of the injector was 280 "C and that of the detector 300 OC. Helium was used as carrier gas (flow-rate 1 ml min-'), GC data handling was performed with a Perkin Elmer Nelson model 1020 PC integrator with a Kodak Diconix 150 plus printer.
Long-chain fatty acid analyses were performed on a Carlo Erba model 4160 instrument, equipped as the GC instrument above, except for an on-column injector and the use of hydrogen as carrier gas (flow-rate 2 ml min-l). The temperature program used was initially 150 O C for 2 min and thereafter the temperature was increased by 5 "C min-' to 320 "C. An SP4270 integrator (Spectra Physics) was used for calculation of peak areas.
Quantitative analyses of alditol acetates were performed using xylose as internal standard and the molar response factors calculated from reference monosaccharides. The TFA-methyl glycoside derivatives of sugars and the fatty acid methyl esters were quantified using molar response factors determined relative to TFA-derivatized 3-hydroxymyristic acid (Bryn & Jantzen, 1982) . Long-chain hydroxy, keto, and dibasic fatty acids (carbon-chains > 26) were quantified by using the same response factors as for the methyl esters of heptacosanoic acid, octacosanoic acid and nonacosanoic acid, relative to the methyl ester of docosanoic acid.
GC-mass spectrometry (MS).
Two instruments were used, Finnigan Ion-trap MS connected to a Varian 3300 GC with a (30 m x 0.22 mm) fused-silica DB-5 column (J&W), and Hewlett-Packard (model 5985) with a fused-silica SE-54 column (25 m x 0.32 mm). The temperature programs were the same as for GC and helium served as carrier gas. Both instruments were used with electron-impact ionization (EI) at 70 eV ion energy. In addition, the Hewlett-Packard MS was also used in the chemical ionization (CI) mode with ammonia as the reagent gas (at 0.1 MPa) ionized with electrons at an energy of 93 eV.
Analysis of neutral sugars. Hydrolysis in 0.1 M HC1 at 100 "C for 48 h was used for liberation of neutral sugars that were analysed underivatized (HPAEC-PED) and by GC as alditol acetate derivatives (Sawardeker et al., 1965) . For analysis as TFA-methyl glycosides, samples were subjected to methanolysis in 2 M methanolic HC1 at 85 OC for 18 h followed by TFA derivatization (Bryn & Jantzen, 1982) .
Analysis of amino sugars. Strong acid hydrolysis (4 M HC1, 100 "C, 18 h) was used to release amino sugars for analyses by HPAEC-PED, TLC, ASA and paper electrophoresis (underivatized), and GC (alditol acetate derivatives).
Methanolvsis in 4 M methanolic HC1, 100 OC, 18 h, was performed for GC analyses as TFA-methyl glycosides (Sonesson et al., 1989b) . Total hexosamine content was determined after acid hydrolysis (performed as above) by the Morgan-Elson reaction as modified by Strominger (1959) . The possible presence of 4-amino-4-deoxy-arabinose was investigated by using the method of Sidorcyk e t al. (1983) .
Analysis of acidic sugars. Mild methanolysis (2 M HC1, 60 OC, 2 h) was used for determination of 2-keto-3-deoxyoctonic acid (Kdo) as TFA-methyl ester methyl ketoside (Bryn & Jantzen, 1986) . Kdo was also measured with the thiobarbituric acid reaction (Waravdekar & Saslaw, 1959) after hydrolysis with 0.1 M acetate (100 OC, 1 h) (Brade e t al., 1983) . The possible presence of a 2-keto-octonic acid (KO)-Kdo disaccharide was investigated by GC-MS after mild methanolysis (0.5 M HC1, 85 "C, 45 min) as the peracetylated or the permethylated methyl glycoside derivative (Kawahara e t a/., 1992) . With the use of retention time data of standards, uronic acids were determined by GC (methanolysis and TFA-derivatization) and by HPAEC-PED. The colorimetric method of Bitter & Muir (1962) was used to verify the presence of uronic acids.
Identification of phosphorylated sugars. Determination of phosphory lated sugars was performed by GC recording the relative increase of peak area after dephosphorylation by aqueous 48% (w/w) hydrofluoric acid at 4 "C for 72 h (Sonesson et al., 1989a) . Presence of phosphorylated sugars was verified by HPAEC-PED analysis and phosphorylated amino sugars also by ASA. Phosphor). lated sugars were also isolated (using disposable anion-exchange columns, SAX, 1 ml, Varian), and analysed by GC-MS as trimethylsilyl (TMS) derivatives (Harvey & Horning, 1973) .
Determination of the absolute configuration of sugars.
Monosaccharides (hydrolysates) were treated with both R( -)-2-butanol and S( +)-2-butanol(2 M HC1,85 OC, 1 h) (Gerwig e t a/., 1978) followed by TFA-derivatization and GC analyses. The GC retention times were compared with those of authentic standards.
Fatty acid analyses.
Total fatty acids were determined by GC after release by 4 M HC1 in methanol, 100 OC, 18 h. Ester-linked fatty acids were determined after liberation by 2 M HC1 in methanol at 60 "C for 2 h (docosanoic acid served as internal standard). Amide-linked fatty acids were calculated by difference (Sonesson e t al., 1989b) . Hydroxy groups were acetylated, TFAor TMS-derivatized prior to analyses.
PAGE. LPS preparations were analysed by SDS-PAGE with the discontinuous glycine buffer system of Laemmli (1970) . A stacking gel of 4 % acrylamide and a separating gel of 18% acrylamide were used. Bands were focused in the stacking gel at a constant voltage of 65 V, whereafter the voltage was kept at 80 V until the tracking dye reached the end of the gel. LPS was also analysed by tricine-SDS-PAGE according to Schagger & Von Jagow (1987) and Lesse etal. (1990) , using a separating gel of 16.5% acrylamide, voltages of 30 V followed by 105 V for 18 h. The gels were silver-stained for LPS by the method of Tsai & Frasch (1982) or with Coomassie brilliant blue for detection of proteins (Reisner e t al., 1975) .
Miscellaneous estimations.
Inorganic and organic phosphate were determined by the method of Lowry et al. (1954) , nucleic acids by ultraviolet absorption at 260 nm (water, 200 pg ml-'), protein according to the Lowry method using serum albumin as standard, and ornithine by GC (Sonesson et al., 1988) .
Chemicals. Solvents were of p.a. grade. Distilled water was Millipore purified (> 18 Mi2 cm-'). D-Glucose 1-phosphate, Dglucose 6-phosphate, D-glucosamine 1-phosphate, D-glucosamine 6-phosphate, a and B-glycerophosphate, and the methyl esters of docosanoic, heptacosanoic, octacosanoic and nonacosanoic acids, were from Sigma. Trifluoracetic acid anhydride, acetic acid anhydride, S( +)-2-butanol and R( -)-2-butanol were from Fluka, 50% aqueous sodium hydroxide (reagent grade) was from J. T. Baker, and sodium acetate trihydrate (p.a. grade) and serum albumin were purchased from Merck. Chemically synthesized alditol acetates of 2-amino-2,6-dideoxy-glucose (quinovosamine) and 2-amino-2,6-dideoxygalactose (fucosamine) were provided by Pia Seffers, University of Stockholm, Sweden, and methyl a-L-fucosaminide was a gift from Ulf Lindquist, Pharmacia AB, Uppsala, Sweden. A standard of l-O-phosphorylated-(R)-2,3-diamino-2,3-dideoxy-D-glucose carrying two amide-linked 3-hydroxymyristic acid groups was a gift from E. Th. Rietschel, Forschungsinstitut Borstel, Germany. 3-Amino-3,6-dideoxy-~-mannose standard was isolated from amphotericin B (Sigma) (Kondo & Zahringer, 1990) .
RESULTS

General properties of the LPS
were recovered from the water-phase (after dialysis, ethanol-precipitation and lyophilization) using hot phenol-water extraction. T h e material of the phenol phase was methanolysed and analysed by G C . Presence of small amounts of Kdo and hydroxy fatty acids indicated that some LPS distributed into the phenol. However, this fraction contained, in addition to proteins, largely phospholipids as judged by the presence of palmitoleic acid.
Crude LPS were further purified by the PCP extraction method. All three LPS precipitated from phenol o n the addition of water and the PCP-LPS were recovered as pellets after centrifugation. T h e supernatant side-fractions contained mainly proteins and phospholipids and were discarded, although they contained some LPS with higher molar proportions of the deoxysugars L-rhamnose, Lfucose and yersiniose A. PCP-extracted LPS were defatted by repeated washings with diethyl ether and chloroform/methanol (2 : 1, v/v), until no palmitoleic acid (phospholipid marker) ornithine (ornithine-lipid marker) ribose (nucleic acid marker) were detected by GC. All three water-soluble PCP-LPS were devoid of nucleic acids as shown by UV absorption, and their protein contents (by weight) were L. israelensis (< 0.1 %), L. micdadei ( < 0.1 %) and L. maceacbernii (5.2%). This low protein content was confirmed by Coomassie blue staining of the SDS-PAGE gel; only a minor protein band was seen for the L. maceacbernii LPS.
The yields of LPS (relative to cell dry weight) were L. israelensis (1.7 YO), L. maceacbernii (0.7 %) and L. micdadei (0.1 %). The individual components of the LPS (Table 1) accounted for L. israelensis LPS (68 %), L. maceacbernii LPS (82 %) and L. micdadei LPS (65 'A), respectively, of dry weights. All LPS were rich in phosphate and contained phosphorylated sugar constituents (see below). Ethanolamine and ethanolamine-p yrophosphate was only detected in LPS of L. maceachernii.
Chemical composition of the three LPS
Neutral sugars. The main neutral sugars identified were L-rhamnose and D-mannose (Table l) , whereas L-fucose, the rare branched-chain octose yersiniose A and minor amounts of D-galactose were found only in LPS of L. maceacbernii and L. micdadei. The identification of yersiniose A has been published recently Amino sugars. All three LPS isolates contained D-glucosamine and L-fucosamine (Table l) , and approximately 55 mol% of glucosamine in L. israelensis LPS was found to be phosphorylated. The 2,3-diamino-2,3-glucose (GlcN3N) constituent was identified by GC-MS, ASA, TLC and HVPE. The EI mass spectrum was identical to that reported by Roppell etal. (1975) , retention times by GC and ASA were the same as the authentic standard, and TLC and HVPE gave the characteristic orange-brown spot with ninhydrin (Mayer e t al., 1990) .
The main amino sugar of L. israelensis LPS gave the characteristic EI and CI MS spectra of 3-amino-3,6-dideoxy-hexose (Moran e t al., 1991a) . ASA indicated 3-amino-3,6-dideoxy-mannose by comparison with reference amino sugars, and GC analysis of R( -)-2-butyl and S( +)-2-butyl glycosides indicated the D-configuration. GC-MS analysis of a minor GC-peak eluting closely after this sugar indicated this to be the N-formyl substituted 3-amino-3,6-dideoxyhexose. EI fragmentation gave the fragment ions of m / a 216, 156 and 96 which could arise from fission of the bond between C-2 and C-3, whereas the ions of m/a 202, 142 and 82 may have originated by a cleavage between C-3 and C-4. CI-MS yielded peaks at m/a 362 [M + HI+ and m / p 379 [M + 18]+. Thus, the 3-amino-3,6-dideoxy-~-mannose constituent in native LPS may have been largely substituted by N-formyl groups cleaved off during hydrolysis. Furthermore, L. israelensis LPS apparently contains an additional, as yet unidentified amino sugar, termed X-P. This compound probably is largely phosphorylated as it was mainly detectable by GC after hydrofluoric acid treatment. GC-MS suggested a 2-amin0-2~6-dideoxyhexose with a C-branched side chain in position 2 (data not shown). ASA indicated the amount of X-P to be approximately 60% (of peak area) of the glucosamine content.
The hexosamine content of LPS of L. maceachernii and L. micdadei as determined by the Morgan-Elson reaction corresponded largely to the amount determined by GC (alditol acetates) for D-glucosamine plus L-fucosamine. Larger divergence was obtained for LPS of L. israelensis which probably could be attributed to the non-quantified x-P. Acidic sugars. Kdo was the major sugar in LPS of L. micdadei whereas much smaller amounts were found in the other two LPS. Its identity was verified by the typical EI mass spectrum of the TFA-methyl glycoside derivative (Bryn & Jantzen, 1986) . No evidence of phosphatesubstituted Kdo was found. 2-Keto-octonic acid (KO) was found in LPS of L. israelensis and L. micdadei as a KO-Kdo disaccharide, MS spectra of the per-acetylated and the permethylated methyl glycoside were identical to those reported by Kawahara e t al. (1 992). Fatty acids. The fatty acid profiles, including linear and methyl branched-chain (anteiso and iso) acids, were dominated by amide-linked 3-hydroxy acids (Table 2 ). All non-hydroxy acids were found to be exclusively esterlinked. LPS of L. israelensis contained 19 3-hydroxy acids, in the range C12-C22, and eight non-hydroxylated fatty acids (Cl4-CZl). LPS of L. maceachernii and L. micdadei contained 22 and 23 3-hydroxy fatty acids as well as eight and six non-hydroxy fatty acids, respectively. All three LPS contained three 2,3-dihydroxy fatty acids, i.e. 2,3-dihydroxy-12-methyltridecanoic acid, 2,3-dihydroxytetradecanoic acid and 2,3-dihydroxy-12-methyltetradecanoic acid, all presumably amide-linked. Long-chain (0-1)-0x0 fatty acids (27-0x0-octacosanoic and 29-0x0-triacontanoic acids), (m-1)-hydroxy fatty acids (27-hydroxyoctacosanoic and 29-hydroxytriacontanoic acids) and (1 ,a)-dioic fatty acids (heptacosane-l,27-dioic and nonacosane-1729-dioic acids) were also detected and identified. 27-0x0-octacosanoic acid was the major fatty acid in LPS of L. israelensis and L. micdadei. 29-Hydroxytriacontanoic acid was not found in LPS of L. maceachernii and long-chain dibasic acids were lacking in LPS of L. israelensis. LPS of L. maceachernii and L. micdadei also contained a-hydroxy (a-1)-0x0 fatty acids (2-hydroxy-27-0x0-octacosanoic and 2-hydroxy-29-0x0-triacontanoic acids) and a-hydroxy (1 ,a)-dioic fatty acids (2-hydroxyheptacosane-1,27-dioic and 2-hydroxynonacosane-1729-dioic acids). 2-H ydroxy-27-0x0-octacosanoic acid was the major fatty acid in LPS of L. maceachernii. These long-chain acids were all found to be ester-linked (Moll e t al., 1992; Sonesson e t al., 1993) . SDSPAGE. Tricine-SDS-PAGE (Fig. 1) gave, in our hands, a better resolution in the lower molecular mass region and generally the LPS bands appeared more narrow and intensely stained than in the corresponding glycine-SDS-PAGE system (Fig. 2) . As evident from Fig.  1 , LPS of L. micdadei (lane 4) showed one major band migrating similar to Ra-LPS, whereas the LPS pattern of the three other Legionella species (lanes 2, 3 and 5) were characterized by several closely spaced bands in the higher molecular mass region and also (except for L. pneumophila) one or two bands in the lower molecular mass region. The set of regularly spaced bands may indicate the presence of repeating oligosaccharide units. The sugar to total fatty acid ratios for L. israelensis LPS ( 6~6 )~ L. maceachernii LPS (8.1) and L. micdadei LPS (1.7) agreed with the SDS-PAGE patterns, e.g. the ratio of the lower molecular mass L. micdadei LPS was considerably lower than for the other Legionella LPS samples. With the exception of GlcN3N, all neutral, amino and acidic sugars found in LPS were also found in the PS isolates (Table 1) . The fatty acid compositions of the lipid A isolated after acidic hydrolysis of the LPS are presented in Table 2 . As expected, except for some losses of ester-bound fatty acids during hydrolysis, only minor differences could be seen between fatty acid composition of native LPS and lipid A. However, a close (phenotypic) relationship between these three species was indicated by their cellular hydroxy fattyacid profiles (Jantzen e t al., 1993) . Thus, all three species, together with L. pneztmophila, exhibit amide-linked 2,3-dihydroxy fatty acids as LPS constituents, and these four species make a chemotaxonomically distinct group within the genus Legionella. Recent fatty acid analyses indicated that this group may also include L. fairjeldensis, L. lansingensis and L. nautarzt: (Thacker e t al., 1991 (Thacker e t al., , 1992 Mayberry, 1992) .
Separate analysis of PS and lipid
Amide-linked dihydroxy fatty acids are rare but not unique among Gram-negative bacteria. Abbanat e t al.
(1 988) described amide-linked 2,3-dihydroxy-14-methylpentadecanoic acid in a sulfonolipid of Cytophaga johnsonae, i.e. not of LPS origin, whereas 5,9-dihydroxymyristic acid, has been identified in LPS of Pseztdomonas diminztta and P. vesicztlaris (Arata e t al., 1989) .
Ester-linked (co-1) keto and dioic long-chain fatty acids as LPS constituents have previously been found in L. pnezmophila (Moll e t al., 1992) . In addition, a-hydroxylated analogues of these were major constituents in LPS of L. maceachernii and L. micdadei. Long-chain (cu-1)-hydroxy fatty acids have been described in LPS of Bracella abortzts (Moreno e t al., 1990) , and other species belonging to the a-2 branch of Proteobacteria (Bhat e t al., 1991) .
The fatty acids of the three LPS preparations consisted of three 2,3-dihydroxylated-, 19-23 different 3-hydroxy fatty acids, six-eight non-hydroxy fatty acids, as well as longchain keto and dibasic fatty acids. Apparently all species of Legionella share a remarkably complex and distinct pattern of hydroxylated fatty acids (Mayberry, 1984 (Mayberry, , 1992 Jantzen et al., 1993) , all presumably of LPS origin. Thus, this complex fatty acid substitution of their LPS, appears to be a chemotaxonomic feature of Legionella.
Lipid A of L. israelensis was found to contain glucosamine and GlcN3N in the molar proportions 1 : 3, thus indicating a mixed amino sugar backbone structure. In comparison, L. maceachernii and L. micdadei lipid A exhibited a glucosamine content less than 5 mol% to that of GlcN3N.
GlcN3N has so far only been encountered as a backbone sugar of lipid A, alone (e.g. in species of Rhodopseadomonas, Thiobacillzts and Nitrobacter) or together with glucosamine (e.g. in Campylobacterjtyztnz] (Mayer e t al., 1990; Moran e t al., 1991b) . The lipid A backbone of Rhodopseadomonas viridis apparently consists of GlcN3N as a monosaccharide (Weckesser & Mayer, 1988) , whereas that of P. vesicztlaris may be a GlcN3N disaccharide structure (Kasai e t al., 1990) . Presently the lipid A structure of Legionella species, including the backbone structure, appears to be rather complex, and containing both glucosamine and GlcN3N. The small amount of glucosamine in lipid A of L. maceachernii and L. micdadei, however, may indicate that this is a minor constituent or contaminant. For all three lipid A fractions, the molar proportions between amidelinked 3-hydroxy fatty acids and amino groups were approximately 1 : 1. It should also be noted that on a molar basis the two amino groups of GlcN3N equals the number of amide-linked FA, indicating that both amino groups of GlcN3N anchor fatty acids.
Neutral sugars linked to the amino sugars of lipid A backbones have also been described, e.g. lipid A of Rhodomicrobiztm vannielii contains mannopyranosyl groups (Holst e t al., 1983), but were not detected in this study. In contrast, glycerol (free and phosphorylated) was detected as an additional lipid A constituent. It appeared not to be due to contaminasing phospholipids as the phospholipid markers, unsaturated fatty acids, were not detected. The considerable discrepancy between amounts of glycerol measured in uncleaved LPS, and in the lipid A fraction (approximately 40 mol'h) is probably due to loss upon the hydrolytic cleavage into lipid A and PS.
Uronic acid has recently been found linked to GlcN3N of lipid A in P. vesicalaris (Arata e t al., 1992) , and an aminouronic acid was reported in lipid A of Rhixobiztm triflii (Hollingsworth & Lill-Elghanian, 1989 1984, 1989) .
The glycerol phosphate constituent of the two PS fractions is also an uncommon LPS entity. It has been found in the 0-specific chain of Y. kristensenii 0: 12,25 (L'vov e t a/., 1992), in LPS of Haemophilzts injnenpae (Zamze et al., 1987) , as well as several exopolysaccharides of Gram-positive bacteria (Kenne & Lindberg, 1983) . The other phosphorylated monomer of the two PS preparations, glucose phosphate, is another uncommon LPS constituent. Previously it has only been identified in LPS of L. pnetrmophila (Sonesson e t al., 1989b) , in Acinetobacter calcoacetictrs (Kawahara e t al., 1987) and in P. pavonacea (Wilkinson et al., 1973 largely of amino sugars. The most abundant of these was identified as a 3-amino-3,6-dideoxy-hexose by GC-MS. Comparison with standards of galacto-, gltrco-and manno configuration on an amino acid analyser strongly indicated a manno configuration. Previously 3-amino-3,6-dideoxyhexoses of galacto-and gltrco configurations have been described as bacterial PS constituents, but to our knowledge not 3-amino-3,6-dideoxy-~-mannose (Lindberg, 1990) . However, NMR studies are needed to confirm the manno configuration. The GC-MS data also indicated a N-formyl-substituted 3-amino-3,6-dideoxy-hexose to be present. Occurrence of N-formyl-substituted monoamino sugars has been described for several LPS, e.g. in LPS of 1'. enterocolitica 0 : 9 (Caroff et al., 1984) and B. aborttJs (Moreno e t al., 1990) . NMR studies will be undertaken to confirm N-formyl substitution of this 3-amino-3,6-dideoxy-hexose.
The SDS-PAGE profiles of LPS from the three species (Figs 1 and 2 ) were in accordance with the chemical data. The high content of neutral sugars in L. maceachernii, indicating the presence of an 0-chain, corresponded well with the ladder-like pattern in the high molecular mass area. The low ratio of sugars to fatty acids of L. micdadei LPS (see above) indicates a short PS side chain, as did the SDS-PAGE bands only present in the low molecular mass area (Fig. 1) . LPS of L. israelensis with a sugar to fatty acid ratio 20% less than that of L. maceachernii LPS, gave a moderate proportion of SDS-PAGE bands in the high molecular mass area.
Thus, both the monosaccharide and (especially) the fatty acid patterns of Legionella LPS analysed so far exhibit an unusual high degree of structural complexity and therefore represent an interesting source of marker substances for use in classification studies and diagnosis. Further chemical studies of Legionella LPS from selected species are in progress for making this picture more complete. 
